Abstract We have studied the thermal inactivation at 37°C of wild type and mutant ChE2 (C310A, F312I, C466A, C310A/F312I, and C310A/C466A) from amphioxus (Branchiostoma floridae) expressed in vitro in COS-7 monkey cells under three sets of conditions: 30°C for 48 h, 30°C for 24 h and 37°C for 24 h, and 37°C for 48 h. We found biphasic denaturation curves for all enzymes and conditions, except wild type and C310A ChE2 expressed at 30°C for 48 h. Generally, single mutants are more unstable than wild type, and the double mutants are even more unstable. We propose a model involving stable and unstable conformations of the enzymes to explain these results, and we discuss the implications of the model. We also found a correlation between the melting temperature of the ChEs and the rates at which they denature at 37°C, with the denaturation of the unstable conformation dominating the relationship. Reversible cholinergic inhibitors protect the ChEs from thermal denaturation, and in some cases produce monophasic denaturation curves; we also propose a model to explain this stabilization.
Introduction
Acetylcholinesterase (AChE; EC 3.1.1.7) is a serine hydrolase that hydrolyzes the neurotransmitter acetylcholine at cholinergic synapses throughout the animal kingdom (Massoulié et al. 1993 ). An acetylcholinesterase (AChE) from the invertebrate Branchiostoma floridae, cholinesterase 2 (ChE2), has two free cysteines present in its catalytic gorge: Cys310, near the top of the gorge and the acyl pocket, which is partially composed of Phe312; and Cys466, near the bottom of the gorge and Trp109 of the choline-binding site of the enzyme (Sutherland et al. 1997; McClellan et al. 1998; Pezzementi et al. 2003) . The sulfhydryl reagents 5,5 0 -dithiobis(2-nitrobenzoic acid) (DTNB) and N-ethylmaleimide (NEM) inactivate ChE2 (Pezzementi et al. 2003) . To study the involvement of the two Cys residues in the sulfhydryl inactivation we made a number of mutants: C310A, F312I, C466A, C310A/ F312I, and C310A/C466A, and expressed them in COS-7 cells in vitro . We found that although both Cys residues could be involved in the inactivation, Cys310, near the top of the gorge was more accessible and more easily reduced by the disulfide reagents, resulting in enzyme inactivation. Many aphids, mosquitoes, and other insects have Cys residues homologous to Cys310 Pang 2006a, b; Rowland et al. 2008) , and are sensitive to reduction by sulfhydryl reagents (Zahavi et al. 1972; Smissart 1976) , raising the possibility of this residue as a target for specific insecticides.
Site-directed mutation of AChE from Torpedo californica and Drosophila melanogaster alters the thermal stability of the enzymes (Wilson et al. 1996; Morel et al. 1999; Estrada-Mondaca and Fournier 1998; Fremaux et al. 2002; Strub et al. 2004) , with some mutations stabilizing the enzymes, while others resulted in destabilization. Indeed, to isolate the inactivation rates of wild type and mutant ChE2s due to sulfhydryl reagents at 22°C from any differences in thermal denaturation rates among the enzymes, we controlled for the small differences (no more than eightfold) in the slow denaturation rates among the enzymes at that temperature . Nevertheless, these small differences suggested that there might be substantial differences in thermostability at higher temperatures. Here we present a detailed study of the thermal denaturation of wild type and mutant ChE2s at 37°C, including the effects of different in vitro expression conditions for the enzymes, and the effects of various reversible inhibitors on the denaturation rate.
Materials and Methods

Materials
Dulbecco's modified Eagle medium, fetal calf serum, and OptiMEM medium were purchased from InVitrogen. FuGene was obtained from Roche. QuikChange sitedirected mutagenesis kits were purchased from Stratagene. Acetylthiocholine (ATCh), 5,5 0 -dithiobis (2-nitrobenzoic acid) (DTNB), N-ethylmaleimide (NEM), 1:5-bis(4-allyldimethylammoniumphenyl)-pentan-3-one dibromide (BW284c51), ethyl (m-hydroxyphenyl) dimethylammonium bromide, 10-(2-diethylaminopropyl) phenothiazine hydrochloride (ethopropazine), 3,8-diamino-5 [3-(diethylmethylammonio) propyl]-6-phenylphenanthridinium diiodide (propidium), and (3-hydroxyphenyl) dimethylethylammonium bromide (edrophonium) were purchased from Sigma.
Site-directed mutagenesis and in vitro expression
Site-directed mutagenesis of a ChE2 expression clone (McClellan et al. 1998 ) was performed with QuikChange II site-directed mutagenesis kits and mutagenic primers. Mutations were confirmed by DNA sequencing.
COS-7 monkey cells (American Type Culture Collection) were grown in Dulbecco's modified Eagle medium containing 10% fetal calf serum. Cells were plated at a density of 2 9 10 6 cells/75 cm 2 culture flask, incubated overnight, and transferred to OptiMEM medium. FuGene was then used to transfect the cells with 7.8 lg of DNA purified with a Qiagen MaxiPrep Kit. The cells were then incubated for either 48 h at 30°C, 24 h at 37°C and 24 h at 30°C, or 37°C for 48 h before being extracted in 10 mM NaHPO 4 , pH 7, 1 M NaCl, 1 mM EDTA, 1% Triton X-100. Previously, we found that the first two in vitro expression conditions produced more enzyme than the third regimen (Pezzementi et al. 2003) . Extracts were centrifuged at 30,0009g for 20 min and the supernatants were assayed for AChE activity. Measurement and analysis of AChE activity and inhibition AChE activity was measured in 100 mM NaHPO 4 , pH 7, 0.3 mM DTNB according to the method of Ellman et al. (1961) as modified by Doctor et al. (1987) ; ATCh was used as the substrate.
Values of IC 50 for the inhibitors used were determined by pre-incubating wild type and mutant enzymes with various concentrations of the inhibitors for 20 min and then assaying for enzyme activity in the presence of ATCh. SigmaPlot was then used to fit the data to a three-parameter logistic function, yielding IC 50 .
Melting point (T m ) determination assay ChE2 extracts were incubated for 20 min at various temperatures in preheated microcentrifuge tubes, quenched on ice, and then assayed for residual activity. SigmaPlot was used to fit the data to a 3-parameter sigmoidal function, yielding the melting point (T m ).
Inactivation of AChE in the absence and presence of inhibitors Inactivation was measured by incubating enzyme for various periods at 37°C and then determining residual enzyme activity. When the experiments were performed in the presence of inhibitors, the inhibitors were added to enzyme at the beginning of the incubation, and then the same procedure was followed. The total dilution of inhibitor was at least 10-fold. In both cases, inactivation followed firstorder kinetics. Data were plotted as ln v/v o as a function of time. To determine k 1 (min -1 ), the first-order inactivation rate constant, for monophasic thermal denaturation, SigmaPlot was used to fit the data to the equation for a single exponential decay (Eq. 1):
where v represents enzyme velocity at time t, v o is the initial velocity, and v/v o is the fractional activity at time t. For biphasic thermal denaturation curves, SigmaPlot was used to fit the data to the equation for a double exponential decay (Eq. 2):
where k 1 (min -1 ) and k 2 (min -1 ) represent the fast and slow rate constants responsible for the fast (f 1 ) and slow (f 2 ) denaturating fractions of the enzyme; the other parameters remain the same.
Molecular modelling
Molecular modelling was performed on a Silicon Graphics Indigo O2 computer with the Discover and Insight II programs of Accelrys (San Diego 2005). The 3D structure of amphioxus ChE2 was built by using the Homology module of Insight II and the crystal structure of Torpedo AChE (pdb index 1EA5) as a template. The structure was minimized for 10,000 iterations of steepest descent in vacuo with the distance-dependent dielectric constant by the program Discover.
Results
As one measure of thermal inactivation, we determined T m values for wild type and mutant AChEs expressed under different conditions ( Fig. 1 ; Table 1 ). Generally, wild type enzyme was the most stable, single mutants showed intermediate stability, and double mutants were the most unstable. There are, however, exceptions: the C310A mutant expressed at 30°C for 48 h is slightly more stable than wild type enzyme, and the C310A/F312I mutant is just as stable as the wild type.
To obtain additional information about the thermal stability of the AChEs, we determined thermal inactivation rates ( Fig. 2 ; Table 2 ). In all cases, except two, biphasic thermal denaturation curves were observed; the exceptions are wild type and C310A enzyme expressed at 30°C for 48 h. The data for thermal stability are complex because four parameters result from the biphasic curves: k 1 and k 2 , the thermal inactivation rates for the fast and slow phases of inactivation; and f 1 and f 2 , the fractional amounts of the total enzyme activity in the two phases. All four of these parameters can and do change. Again, in general, the mutants have faster k 1 values than wild type enzyme; there are two notable exceptions, C310A expressed at 30°C for 48 h, and at 37°C for 24 h and 30°C for 24 h. Additionally, (Fig. 3) . T m shows a strong negative correlation with f 1 k 1 and f 1 k 1 + f 2 k 2 .
Ligands can stabilize enzymes to thermal denaturation. To determine if various reversible inhibitors could stabilize AChE, we determined IC 50 values for BW284c51, edrophonium, propidium, and ethopropazine to find appropriate concentrations of the ligands (Table 3) . We then conducted thermal denaturation experiments with wild type and mutant enzymes in the presence of these ligands. In 29 out of 30 cases, the inhibitors stabilized the enzymes; the one exception is the lack of effect of BW284c51 on the F312I mutant (when the SE is taken into account) ( Table 4) . In nine instances, the inhibitors actually converted the denaturation curves from biphasic to monophasic.
A molecular model shows the positions of the mutated and other important residues (Fig. 4) . Cys310 is near to both the top of the catalytic gorge and the acyl pocket, which is partially composed of Phe312. The F312I mutant opens up the catalytic gorge and the acyl pocket. Cys466 is near the bottom of the gorge, close to Trp109 of the choline-binding site ).
Discussion
We have studied the thermal inactivation at 37°C of wild type and mutant recombinant ChE2s from amphioxus expressed in vitro under three sets of conditions: 30°C for 48 h, 30°for 24 h and C37°C for 24 h, and 37°C for 48 h. We found biphasic denaturation curves for all enzymes, except wild type and C310A ChE2 expressed at 30°C. Generally, single mutants are more unstable than wild type, and the double mutants are even more unstable. There is a correlation between the melting temperature of the ChEs and the rates at which they denature at 37°C. Reversible inhibitors protect the ChEs from thermal denaturation, and in some cases produce monophasic denaturation curves.
There are many examples in the literature of biphasic thermal denaturation curves for ChEs produced in vivo and in vitro (Vigny et al. 1978; Edwards and Brimijoin 1983; Johnson and Russell 1983; Yague-Guirao et al. 1986; Cauet et al. 1987; Duval et al. 1992; Weingand-Ziade et al. 2001) . In rat superior cervical ganglia, both AChE and BuChE showed biphasic, but different, thermal inactivation rates, and the fact that the inactivation did not follow first-order kinetics was attributed to a possible molecular heterogeneity of the two enzymes (Vigny et al. 1978) . Edwards and Brimijoin (1983) found that the different molecular forms of AChE and BuChE from various species inactivated at Middle wild type and mutant ChE2 expressed at 24 h at 37°C and 24 h at 30°C. Bottom wild type and mutant ChE2 expressed at 48 h at 37°C. Wild type (filled circle), C310A (empty circle), F312I (filled triangle), C466A (empty triangle), C310A/F312I (filled square), C310A/C466A (empty square) different rates, resulting in biphasic inactivation curves. They proposed three features that might cause the molecular forms of ChEs to differ in their thermostability: intersubunit disulfide bonds in multimers, hydrophobic or ionic interactions in multimers, and covalent interactions with collagen in asymmetric forms (Edwards and Brimijoin 1983) . In the AChEs from C. elegans, some molecular forms were inactivated rapidly, while other forms were more stable. The rapidly inactivated forms also showed biphasic kinetics, which was attributed to possible molecular heterogeneity (Johnson and Russell 1983) . The thermal denaturation of the molecular forms of AChE from rabbit muscle microsomes has also been studied (Yague-Guirao et al. 1986 ). Both the monomeric and tetrameric forms of the AChE showed biphasic denaturation curves. The authors speculate that the two phases could be due to a rapid change in protein conformation that impairs but does not inactivate the enzyme, followed by a slow change in protein structure that results in complete inactivation, which is a modification of the classic Lumry and Eyring (1954) model of protein denaturation. However, the alternative of heterogeneous enzymes with the same sedimentation coefficients could not be ruled out. The biphasic thermal denaturation of native horse serum BuChE has also been attributed to structural heterogeneity (Cauet et al. 1987) . In contrast, Weingand-Ziade et al. (2001) propose a complex seriesinactivation process based on the Lumry and Eyring (1954) model of thermal denaturation of native horse serum BuChE, involving multiple intermediates.
Initially we expressed ChE2 in COS-7 cells at 37°C for 48 h (McClellan et al. 1998 ). Subsequently, we serendipitously found that expression of enzyme could be increased up to 50-fold by incubating the cells at either 30°C for 48 h or at 37°C for 24 h and then at 30°C for 24 h; we adopted the latter protocol because it produced more enzyme (Pezzementi et al. 2003) . A similar temperature dependence was reported for in vitro expression of AChE from T. californica and T. marmorata, where efficient protein folding does not occur at 37°C but only at lower temperatures Gibney and Taylor 1990; Duval et al. 1992 ). Additionally, Duval et al. (1992) found that some of the molecular forms of AChE from T. marmorata expressed in vitro showed monophasic thermal denaturation, while other forms showed biphasic kinetics, even at the lower temperature, and they speculated that these kinetics might be due to the active conformation failing to be stabilized by glycosylation, disulfide bonding, or oligomerization. In the course of this study, we wondered if the biphasic thermal denaturation curves for wild type and mutant ChE2 could be the result of two different tertiary structures being present because of the two-temperature expression conditions that we had adapted. To investigate this possibility, we performed our thermal denaturation experiments with enzyme produced under all three regimens. For all three expression conditions, we found that the ChE2s produced showed biphasic thermal denaturation kinetics, except for wild type and C310A ChE2 expressed at 30°C for 48 h, where we saw monophasic curves. The results cannot be explained by the differential stability of different molecular forms, since only the G 2 form of the enzyme is produced (McClellan et al. 1998 ). Additionally, it seems unlikely that the biphasic rates are due to the coexistence among the extracted AChE of ligand-free and ligand-bound enzyme, since COS-7 cells do not express cholinergic proteins. Thus, it seems to us that the simplest explanation for the biphasic curves is that there are two different folded, active forms of the enzymes produced in different proportions (f1 and f2) in most cases: a stable conformation (S) and an unstable conformation (U), which then denature to inactive enzyme (I) at different rates (k 1 and k 2 ). Although denaturation can be described as occurring through an intermediate molten globule (MG) state or analogous state (Lumry and Eyring 1954; Eichler et al. 1994; Kreimer et al. 1995 Kreimer et al. , 1996 Shin et al. 1997; Morel et al. 1999 ), we did not use techniques that would have allowed us to identify such a state; thus, we do not include the MG, or analogous, state in our model (although they could be easily incorporated), which is shown below.
These results of AChE expression in vitro in heterologous systems suggest that it is difficult to produce homogeneous enzyme preparations. Rather, most preparations may consist of heterogeneous enzymes, and this factor should be taken into account in the interpretation of kinetic and pharmacological experiments. Nevertheless, we have not seen biphasic kinetics for inactivation of ChE2 by sulfhydryl reagents, carbamates, organophosphates, or at 22°C (Pezzementi et al. 2003; Patel et al. 2006; Pezzementi et al. 2006) . We should also note that we do not know if the inactivation is reversible or irreversible; both cases have been reported (Cauet et al. 1987; Masson and Laurentie 1988; Burgess and Oxendine 1993; Weingand-Ziade et al. 2001; Cengiz et al. 2002) .
It is noteworthy that the C310A ChE2 mutant is the only mutant that stabilizes the enzyme to thermal denaturation, implying that Cys310 may play a role in the thermal inactivation process. The C466A mutation does not promote thermal stability and C310A does not counteract the destabilizing effects of either the C466A or F312I mutations, with the possible exception of the C310A/F312I double mutant expressed at 37°C for 48 h. The elimination of a free cysteine in D. melanogaster AChE (a C290V mutation) resulted in an increase in thermostability, which was proposed to be a result of decreased thiol-disulfide interchanges (Fremaux et al. 2002) . The fact that the C310A mutant, which is easily accessible to reducing agents, can stabilize the enzyme; while C466A, which is deep in the catalytic gorge, does not , suggests that modification of Cys310 by endogenous reducing agents could also contribute to the denaturation. It should be noted that our results are in marked contrast with Wilson et al. (1996) who found that in Torpedo AChE a C231S mutation, which eliminated a free cysteine, decreased the thermal stability of the enzyme. However, a general destabilization of the enzyme by the mutants may also be involved, as mutations of residues in the catalytic gorge of AChE have been proposed to disrupt cross-gorge interactions and, ultimately, the entire structure (Morel et al. 1999 ).
The correlation between T m and thermal denaturation rate is interesting, if not surprising. We, however, have not seen this type of analysis for AChE in the literature. Clearly, the fraction of enzyme with the fast rate constant (f 1 and k 1 ) dominates the T m , with f 2 k 2 contributing little, if any, to the observed melting temperature.
Virtually all the inhibitors: BW284c51, a bisquaternary ligand that binds to the choline-binding site and the peripheral site; edrophonium, which binds to the cholinebinding site; propidium, which binds to the peripheral site; ChE2 was expressed at 37°C for 24 h and 30°C for 24 h. k 1 and k 2 are the fast and slow first-order rate constants for thermal inactivation of enzyme, f 1 and f 2 are the fractions of enzyme inactivated at the two rates. Concentrations of inhibitors used are indicated. Where data are missing, the thermal inactivation rate became monophasic. Data are mean ± SE of 4 or more determinations
Invert Neurosci (2008) 8:147-155 153 and ethopropazine, which binds in the catalytic gorge, stabilize the wild type and mutant enzymes to thermal denaturation. In nine cases the inactivation curves are shifted from biphasic to monophasic, suggesting that the ligands (L) convert the unstable enzyme conformation (U) to the stable structure (S), as shown in the model below.
L
Seven of the nine cases where the denaturation kinetics became monophasic involved C310A ChE2, further implicating Cys310 in the thermal inactivation process.
Ligand stabilization of ChEs has been reported in the literature (Payne et al. 1989; Burgess and Oxendine 1993; Estrada-Mondaca and Fournier 1998) . Fetal bovine serum AChE is stabilized, in order of potency, by edrophonium, decamethonium (a bisquaternary inhibitor), pralidoxime chloride (an oxime reactivator of organophosphate-nhibited enzme), and procainamide; likewise, human BuChE was stabilized by decamethonium, procainamide, edrophonium, and pralidoxime, with the ligands apparently maintaining the integrity of the active site (Payne et al. 1989) . Human BuChE and eel AChE are stabilized by choline chloride and acetylcholine iodide, which is accompanied by a decrease in absorbance at 280 nm, implying the involvement of a conformational change in protein structure in the stabilization (Burgess and Oxendine, (1993) . Decamethonium also stabilizes AChE from D. melanogaster (Estrada-Mondaca and Fournier 1998). The osmolyte trimethylamine-N-oxide, and the divalent cation Mg 2+ can promote thermal stability of AChE from T. californica (Millard et al. 2003) . Perhaps these agents could also produce the stable state of ChE2 resulting in a homogenous sample of enzyme. Fig. 4 Location of relevant amino acid residues in the catalytic gorge of ChE2. The Cys310 at the top of the gorge and the Cys466 at the bottom of the gorge are shown as CPK-colored space-filling residues. The entrance to the gorge is indicated at the top by an arrow. Aromatic amino acids that line the gorge and other amino acids that define the gorge are shown. The acyl pocket consists of Phe312 (right) and Phe422 (left), and are shown as orange space-filling residues. Cys310 is near the acyl pocket. The major amino acid of the choline-binding site, Trp109, is located at the bottom of the gorge and is represented as a green space-filling residue. Cys466 is in close proximity to Trp109. Ser224 is the active site serine and is indicated as a red space-filling residue
